We have investigated the mechanisms involved in the regulation of ferritin biosynthesis in K562 human erythroleukemia cells during prolonged exposure to iron. We show that, upon addition of hemin (an efficient iron donor) to the cell culture, the rate of ferritin biosynthesis reaches a maximum after a few hours and then decreases. During a 24-hr incubation with the iron donor the concentrations of total ferritin heavy (H) and light (L) subunit mRNAs rise 2-to 5-fold and 2-to 3-fold, respectively, over the control values, while the amount of the protein increases 10-to 30-fold. The hemininduced increment in ferritin subunit mRNA is not prevented by deferoxamine, suggesting that it is not directly mediated by chelatable iron. In vitro nuclear transcription analyses performed on nuclei isolated from control cells and cells grown in the presence of hemin indicate that the rates of synthesis of Hand L-subunit mRNAs remain constant. We conclude that iron-induced ferritin biosynthesis is governed by multiple post-transcriptional regulatory mechanisms. We propose that exposure of cells to iron leads to stabilization of ferritin mRNAs, in addition to activation and translation of stored Hand L-subunit mRNAs.
Ferritin, the major eukaryotic iron storage protein, consists of 24 subunits organized in a spherical shell. The inner core of this shell may contain up to 4500 iron atoms as femc hydroxide (1) . Ferritin subunits are of two kinds, heavy (H) and light (L), with molecular masses of 21,000 and 19,000 Da, respectively. Different proportions of H and L monomers characterize a series of isoferritins with specific electrophoretic, immunologic, and metabolic properties (2) . Ferritins rich in L subunits are abundant in iron-storage tissues such as liver and spleen, whereas ferritins rich in H subunits are predominant in organs with a low nonheme iron content such as heart and pancreas, as well as in fetal and malignant tissues (2, 3) . The structural heterogeneity among the femtin isoforms is probably related to cell-specific charateristics of iron metabolism. The main functions attributed to ferritin are those of storage and detoxication. We have previously shown that ferritin plays an active role in the regulation of intracellular iron traffic; it determines the fractional distribution of incoming iron between a "utilization" pool (needed for ongoing, iron-requiring biosynthetic processes) and a "storage" pool (ferritin itself) (4) . The rate of biosynthesis of ferritin is dependent on iron: it increases when cells are exposed to iron donors and decreases when cells are exposed to iron limiters, which reduce intracellular iron availability (4) . The immediate control of iron-induced ferritin biosynthesis appears to be at the translational level. It has been shown in some cell systems that, after a few hours of exposure of cells to an iron source, a pool of inactive cytoplasmic ferritin mRNA is derepressed and translated on polysomes (5) (6) (7) . In addition, studies on HeLa cells exposed to iron salts have provided evidence for transcriptional as well as translational control (8) . To find out whether the expression of ferritin genes is controlled at more than one level, we have studied the regulation of ferritin biosynthesis in K562 human erythroleukemia cells during a long-term exposure of cells to iron.
MATERIALS AND METHODS
Cell Culture. K562 human erythroleukemia cells (a gift from S. d'Azzo, Erasmus University, Rotterdam, The Netherlands) were grown in RPMI 1640 medium supplemented with 10% heat-inactivated newborn calf serum (GIBCO) and maintained at a density of 2-5 x 105 cells per ml. Cells were iron loaded by using either 30 ,M hemin or 150 ,uM ferric citrate. Deferoxamine (Desferal, CIBA-Geigy) was used at a final concentration of 150 ,uM. In the experiment in which protoporphyrin IX (Sigma) was used, a solution was prepared by suspending a few milligrams of the disodium salt in water. The suspension was stirred for 15 min at room temperature, centrifuged for 10 min at 1200 x g to remove insoluble material, and sterilized by filtration. To determine the concentration of protoporphyrin IX in the final solution, 5 ,ul of this preparation was diluted in 1 ml of pyridine. The absorbance was read at 409 nm, at which the extinction coefficient is 163 mM -'-cm-1 (9) . The protoporphyrin IX solution was added to the cell culture to a final concentration of 50 ,uM. Hemin (Sigma) solutions were prepared as described previously (4). The exact conditions for each experiment are given in the figure legends.
Rate of Ferritin Biosynthesis. Control cells and cells incubated for different lengths of time with hemin were labeled for 1 hr at 37°C with 100 ,uCi of [35S]methionine (Amersham; specific activity 1130 Ci/mmol; 1 Ci = 37 GBq) per 107 cells. After labeling, cells were lysed and ferritin was immunoprecipitated from the postnuclear supernatant by using rabbit polyclonal anti-human femtin antibodies covalently coupled to CNBr-activated Sepharose 4B. The experimental conditions for cell lysis, preparation and titration of anti-femtin antibody linked to Sepharose, immunoprecipitation of ferritin, NaDodSO4/PAGE, and fluorography have been previously described (4) . Cellular ferritin levels were determined by using a two-site immunoradiometric assay purchased as a kit from Bio-Rad.
Extraction of Total RNA and Northern Blot Analysis. Total RNA was extracted according to the method of Chirgwin et al. (10) . The yield of total RNA from 5 x 107 cells was about 
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In Vitro Nuclear Transcription Assay. Nuclei were isolated from K562 cells as described by Rao et al. (14) , suspended in 50 mM Tris HCI, pH 7.5/5 mM MgCl2/0.1 mM EDTA/40% (wt/vol) glycerol/86 pM phenylmethylsulfonyl fluoride, to a density of 3-5 x 108 nuclei per ml, and stored at -70°C. were washed and exposed to film as described by Clayton and Darnell (16) .
RESULTS

Effect of Hemin on Ferritin Biosynthesis and Ferritin Levels.
It has been shown in several cell systems that a short-term (i.e., a few hours) exposure of cells to compounds that provide iron leads to a severalfold increase of the rate of ferritin biosynthesis over the constitutive (i.e., control) levels. We decided to examine the effect of a prolonged administration of iron on the rate of ferritin biosynthesis and on the intracellular concentration of ferritin. K562 cells were incubated with hemin, a compound that provides iron in high supply and thereby strongly induces ferritin biosynthesis (4). Samples were taken at various time points during the incubation and pulsed for 1 hr with [35S]methionine. After the cells had been lysed, aliquots of the postnuclear supernatant were used to determine the ferritin concentration, while the remainder was immunoprecipitated with an immobilized polyclonal anti-ferritin antibody. Fig. 1 represents the densitometric quantitation of the bands corresponding to the metabolically labeled H (21-kDa) and L (19-kDa) ferritin subunits and the total ferritin concentration as measured by radioimmunoassay. The stimulation of ferritin biosynthesis reaches a maximum value at or within the first 8 hr after the addition ofthe iron donor to the cell culture. This stimulation, as observed in several experiments, ranges between 10-and 40-fold. As the time of exposure of the cells to hemin increases, the rate of ferritin biosynthesis gradually falls and then remains constant at values 4-to 10-fold higher than the control (time zero, no iron donor present). The incorporation of [35S]methionine into the H subunit appears to be slightly but consistently higher than into the L subunit (see Fig. 1 Inset). During the 24-hr incubation with hemin, the cellular ferritin content rises to about 10-to 30-fold over that of the control.
Effect of Iron Administration to Cells on Ferritin mRNA Levels. The increase of ferritin biosynthesis during a 2-to 4-hr exposure of cells to an iron source takes place in the absence twice in phosphate-buffered saline, pH 7.3/0.1% bovine serum albumin and resuspended in 1 ml of methionine-free RPMI medium/0.1% bovine serum albumin. One hundred microcuries of [35S]methionine was added to each sample and the cells were incubated at 370C for 1 hr. Thereafter, they were washed twice with ice-cold phosphate-buffered saline, pH 7.3/0.1% bovine serum albumin containing unlabeled methionine at 1 mg/ml and lysed in Triton X-100 buffer 4. Ferritin was immunoprecipitated from postnuclear supernatants with saturating amounts of polyclonal antiferritin antibodies coupled to Sepharose. The 35S-labeled immunoprecipitate was electrophoresed on NaDodSO4/16% polyacrylamide gels. o, Quantitation of the resulting autoradiograms (see Inset). *, Ferritin levels as determined by radioimmunoassay. The Fig. 2A shows that the addition of either of the two iron donors to the cell culture leads to an accumulation of ferritin H-and L-subunit mRNAs. In contrast, no variation of ferritin mRNA levels is observed when the cells are exposed to protoporphyrin IX. Upon treatment of cells with hemin, the maximal increment of ferritin mRNAs is reached after approximately 24 hr. Data taken from a number of experiments indicate that, at that point, the levels of H and L ferritin subunit mRNAs have increased 2-to 5-fold and 2-to 3-fold, respectively, over the control values. The increment of ferritin mRNA induced by ferric citrate appears to be somewhat lower. The iron-mediated increase in ferritin subunit mRNAs is specific for these messages, since upon rehybridization of the blots with an actin probe no change in the actin mRNA content is observed. During iron administration, samples were taken to determine the ferritin content of the cells (Fig. 2B) . (Fig. 4A) . Analogous conclusions were blots probed for the L-subunit mRNA ( effectiveness of the iron chelator was tee rate of ferritin biosynthesis in cells incu conditions. As expected, the rate of fe cells exposed for 8 or 24 hr to hemin p1 decreased by 80%, compared to the val treated with hemin only (Fig. 4B) . obtained by measuring the ferritin level a "reverse" experiment, cells were in culture medium plus hemin. They were free of hemin and then incubated in me deferoxamine. Twenty-four hours aftei stimulus, ferritin mRNA and ferritin I creased to about 50% of the original X again appeared to be completely indepe of deferoxamine in the medium (data results indicate that the iron which ino ferritin mRNA is in a nonchelatable fo DISCUSSION In this report we provide evidence thai of K562 erythroleukemia cells with iron results in an increase of ferritin H-ar During a 24-hr incubation with iron subunit mRNA levels increase 3-to intracellular concentration offerritin ris discrepancy points to more than one f regulation of ferritin biosynthesis. Mos Fig. 2. (B) Incubation conditions were a, ferritin biosynthesis was determined as deE s mediated by chelatiron, as has been shown for a number of other systems, levels were measured including intact animals (5-7). The large increase in the rate ombination of 30 ,uM offerritin biosynthesis observed under these conditions is not ompared to the levels prevented by inhibitors of transcription and occurs without d for the same length detectable changes in the total amount of ferritin mRNA. The activation of ferritin mRNA takes place relatively soon after 4. The presence of exposure of cells to iron. In contrast, the iron-mediated suppress the heminincrease in ferritin mRNA becomes noticeable only hours this increase is equivlater. Rogers (19, 20) . An increase in the levels of total ferritin mRNA and in the H-to-L-subunit ratio has been shown to occur during the differentiation of HL60 cells (21) H as well as during erythroid differentiation of Friend erythroleukemia cells (22) . It Fig. 1. systems, we envisage the iron-mediated regulation of ferritin Proc. Natl. Acad. Sci. USA 86 (1989) 1805 biosynthesis as occurring via at least two distinct, posttranscriptional mechanisms. We suggest that upon incubation of cells with iron a "short-term" response, mediated by chelatable iron, would consist of the inactivation of a negative effector and promotion of the translation on polysomes of a "constitutive pool" of H-and L-subunit mRNAs. A "long-term" response, mediated by nonchelatable iron, would then consist of the stabilization of ferritin subunit mRNAs by the induction of a positive effector. Such an effector would, either by itself or upon association with iron, bind to the ferritin mRNAs, making them less prone to nuclease attack. It is tempting to speculate that the ironinduced regulation of ferritin gene expression at different post-transcriptional levels meets the necessity for the cell to quickly synthesize new ferritin when confronted with iron, in an effort to protect itself from oxidative damage, and at the same time prepare itself for a longer-lasting challenge with iron. In this context it is noteworthy that derepression of ferritin mRNA and competitive, relatively efficient translation of such mRNA have been proposed as distinct posttranscriptional regulatory mechanisms of iron-induced ferritin biosynthesis (24, 25) .
Some of the molecular features associated with such multistep regulation are beginning to emerge. The sequences in the 5' untranslated region of the H-and L-ferritin mRNA responsible for what we would call a "short-term," irondependent regulation of ferritin biosynthesis have been characterized (26) (27) (28) . In addition, cytoplasmic factors that, depending upon the intracellular iron level bind to this region, have been identified (29, 30) . We speculate that a trans-acting factor, induced or activated upon incubation with iron, increases the stability of ferritin mRNAs. Recently, several reports have stressed that structural features of eukaryotic mRNAs are important in determining their rate of turnover. Stretches of the 5' as well as the 3' untranslated regions have been claimed to play a role as determinants of the stability of different mRNAs (18) . Studies by Dickey et al. (31) in a cell-free system indicate a role of the 3' untranslated region of femtin mRNA for translational repression. In addition, from the analysis of the 3' untranslated region of ferritin mRNA from eight different species, they report that despite the lack of conserved sequences, similar secondary structures can be predicted. It will be interesting to investigate whether this region is involved in controlling ferritin mRNA stability, for example by formation of protein-mRNA complexes.
